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Thymidylate synthase (TS), an essential enzyme in DNA synthesis and repair, plays a key role in the events of cell cycle regulation and tumor
formation. Here, an investigation was presented about subcellular location and biological function of viral TS from lymphocystis disease virus
from China (LCDV-C) in fish cells. Fluorescence microscopy revealed that LCDV-C TS was predominantly localized in the cytoplasm in fish
cells. Cell cycle analysis demonstrated that LCDV-C TS promoted cell cycle progression into S and G2/M phase in the constitutive expressed
cells. As a result, the cells have a faster growth rate compared with the control cells as revealed by cell growth curves. For foci assay, the TS-
expressed cells gave rise to foci 4–5 weeks after incubation. Microscopic examination of the TS-induced foci revealed multilayered growth and
crisscross morphology characteristic of transformed cells. Moreover, LCDV-C TS predisposed the transfected cells to acquire an anchorage-
independent phenotype and could grow in 0.3% soft agar. So the data reveal LCDV-C TS is sufficient to induce a transformed phenotype in fish
cells in vitro and exhibits its potential ability in cell transformation. To our knowledge, it is the first report on viral TS sequences associated with
transforming activity.
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Thymidylate synthase (TS; EC 2.1.1.45) plays a key role in
the biosynthesis of thymidylate (dTMP) which catalyzes the
reductive methylation of dUMP by transfer of a methylene
group from CH2H4-folate to generate dTMP, which is further
phosphorylated to dTTP, a direct precursor for DNA synthesis
(Carreras and Santi, 1995). Because the TS-catalyzed enzymatic
reaction provides the sole intracellular de novo source of dTMP,
the inhibition of TS results in the cessation of cellular pro-
liferation and growth (Navalgund et al., 1980; Liu et al., 2002).
Consequently, it has been identified as an important target of a
variety of anticancer drugs and high level expression is corre-⁎ Corresponding author. Fax: +86 27 68780123.
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doi:10.1016/j.virol.2007.10.028lated with poor prognosis in many human cancers (Bertino and
Banerjee, 2003; DiPaolo and Chu, 2004).
Lymphocystis disease virus (LCDV) is the causative agent of
lymphocystis disease, which is a chronic disease of fish char-
acterized by the benign, tumor-like lesions (Chinchar et al.,
2005; Williams et al., 2005). The disease affects over 100 dif-
ferent wild and cultured fish species worldwide, causing serious
economic losses (Garcia-Rosado et al., 2004). Although great
advances have been made in LCDV, the molecular mechanism
of infection, replication and pathogenesis is not clearly known
because it lacks an efficient cell culture system for propagation
of this virus (Tidona and Daral, 1999). Many attempts have been
made to propagate the virus worldwide, but with limited success
(Wolf et al., 1966; Walker and Hill, 1980; Perez-Prieto et al.,
1999; Chang et al., 2001; Zhang et al., 2003). Thus, the study of
viral functional genes in vitro will be useful to elucidate the
molecular mechanism of infection, replication and pathogenesis
of LCDV. LCDV-C (LCDV isolated in China), a species of
Fig. 2. Confirmation for constitutive expression of LCDV-C TS in FHM cells by western blotting. (A) SDS–PAGE of expressed protein in pET28a-TS/BL21 (DE3).
M: protein molecular weight marker; Lane 1: non-induced; Lane 2: induced. (B) Validation of anti-LCDV-C TS serum by western blotting. Lane 1: purified fusion
protein expressed in the induced pET28a-TS/BL21 (DE3). (C) Western blotting detection of LCDV-C TS constitutive expression by a polyclonal antiserum (left) and
pre-adsorption experiment for proving the antiserum specificity (right). Lanes 1 and 3: FHM/pcDNA3.1; lanes 2 and 4: FHM/pcDNA3.1-TS. The internal control is
showed by detecting the cellular β-actin (D).
Fig. 1. Subcellular distribution of LCDV-C TS in FHM and CHSE-214 cells. (A) Two fish cells were transfected with pEGFP-N3-TS. Green fluorescence shows the
localization of TS-EGFP fusion protein (left panel) and the red images show the localization of nucleus stained by PI (middle panel). (B) Two fish cells were transfected
with empty vector pEGFP-N3. Green fluorescence shows the localization of EGFP protein (left panel) and the blue images show the localization of nucleus stained by
DAPI (middle panel). Scale bars: 10 μm.
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120 Z. Zhao et al. / Virology 372 (2008) 118–126lymphocystis disease virus, was sequenced and elucidated
(Zhang et al., 2004). Genome analysis show that the open
reading frame (ORF) 11L of LCDV-C encodes a potential TS
gene (Zhao and Zhang, 2004; Zhang et al., 2004). In addition,
the increasing numbers of TS have also been identified in other
large DNA viruses, such as Kaposi's sarcoma-associated her-
pesvirus (KSHV), Melanoplus sanguinipes entomopoxvirus
(MSEV), White spot syndrome virus (WSSV) and Chilo iri-
descent virus (CIV) (Afonso et al., 1999; Jakob et al., 2001;
Gaspar et al., 2002; Li et al., 2004), but until now, few data have
been available about their subcellular location and biological
function. So, in the present study, we presented the subcellular
location of LCDV-C TS and its biological effect on cell cycle
progression and cellular transformation in fish cells.Fig. 3. Cell cycle analysis by flow cytometry. (A) Cell proportion of FHM/pcDNA3.1
(B) Comparison of G1/ (S+G2) ratio in FHM/pcDNA3.1-TS and control cells at 24
analysis was performed by using the Student's t-test. Column bars with asterisks arResult
Subcellular location of LCDV-C TS
The distribution of LCDV-C TS in fish cells was investigated
by detecting the fluorescence distribution of TS-EGFP in FHM
and CHSE-214 cells. Fig. 1A showed that strong green fluo-
rescence was predominantly presented in the cytoplasm with
granular appearance in pEGFP-N3-TS transfected FHM or
CHSE-214 cells under fluorescence microscope. As control, the
vector-expressed EGFP was distributed in both the cytoplasm
and the nucleus of the two fish cells (Fig. 1B). The result
indicated that LCDV-C TS was exclusively a cytoplasmic
protein in fish cells. Moreover, there was no difference in the-TS and FHM/pcDNA3.1 cells in G0/G1, S and G2/M phases at 24, 36 and 48 h.
, 36 and 48 h. The data are expressed as means±standard error (SE). Statistical
e significantly different with the corresponding controls at Pb0.05.
Fig. 4. Growth analysis and morphology of LCDV-C TS expressing cells. (A) Growth curves of FHM/pcDNA3.1-TS (circles) compared to FHM/pcDNA3.1 cells
(squares); results shown represent the average from triplicate wells and error bars represent±SE. Statistical analysis was performed by using the Student's t-test
(Pb0.05). (B) The morphology of FHM/pcDNA3.1-TS and FHM/pcDNA3.1 cells under phase contrast microscope. Scale bars: 100 μm.
121Z. Zhao et al. / Virology 372 (2008) 118–126subcellular location of two fish cells, revealing that LCDV-C TS
localization is independent of the cell type.
Constitutive expression of LCDV-C TS in fish cells
To prepare anti-LCDV-C TS serum, a strong band was
observed in the induced pET28a-TS/BL21 (DE3) with mole-
cular weight of about 37.5 kDa corresponding to His·Tag-TS
fusion protein (Fig. 2A). The antiserum was generated by
immunizing rabbit with the fusion protein and western blotting
shows that it could recognize the fusion protein (Fig. 2B). To
investigate the biological role of LCDV-C TS, FHM cells were
transfected with a TS expression plasmid (pcDNA3.1-TS) and
stable G418-resistant clones were selected and pooled and
subsequently confirmed by western blotting analysis. As shown
in Fig. 2C, a specific protein band about 32.7 kDa was detected
in stable LCDV-C TS tranfected cells, whereas there were no
products in the control cells. Furthermore, the specificity of the
antiserum was confirmed by a pre-adsorption experiment. As
show in Fig. 2C, the same antiserum, adsorbed with the purified
fusion protein, can only recognize a quite weak protein band in
stable LCDV-C TS tranfected cells. The data indicated that
LCDV-C TS has been constitutively expressed in the trans-
fected FHM cells.LCDV-C TS promotes cell cycle progression into S and G2/M
phase in fish cells
The effect of LCDV-C TS expression on cell cycle progres-
sion was investigated by flow cytometry analysis. As shown in
Fig. 3A, there were no obvious differences in cell cycle distri-
bution between the FHM/pcDNA3.1-TS and control cells at 24
h. However, there was an obviously higher percentage of S and
G2/M phase in the FHM/pcDNA3.1-TS cells compared with
the control cells at 36 h and 48 h, respectively (Fig. 3A). For
example, the proportion of S phase and G2/M phases were
15.4% and 26.3% in the FHM/pcDNA3.1-TS cells, whereas for
the control cells were only 5.4% and 14.9% at 36 h (Fig. 3A). As
a result, the total percentage of S and G2/M phase has a
significant increase in the FHM/pcDNA3.1-TS cells compared
with the FHM/pcDNA3.1 (Pb0.05) (Fig. 3B). Therefore, the
data illuminated LCDV-C TS expression can promote cell cycle
progression into S and G2/M phase and consequently could
enhance proliferative ability of transfected fish cells.
LCDV-C TS enhances proliferation of transfected fish cells
Based on the above detections, the possibility that LCDV-C
TS would have an effect on the growth of FHM cells was
122 Z. Zhao et al. / Virology 372 (2008) 118–126investigated. Data in Fig. 4A showed that the number of FHM/
pcDNA3.1-TS cells is significantly higher than that of control
cells (Pb0.05), demonstrating that constitutive expression of
LCDV-C TS enhanced the proliferation of FHM cells. In
addition, the LCDV-C TS-expressed cells were morphologi-
cally distinguishable from control cells, showing a small, slim
and spindle shape and displayed multilayered growth (Fig. 4B).
LCDV-C TS induces foci formation and anchorage-independent
growth in fish cells
To determine whether expression of LCDV-C TS results in a
transformed phenotype of the FHM cells, we tested the ability of
FHM/pcDNA3.1-TS to form foci in monolayer cultures. TheFig. 5. Focus assay. (A) Cellular foci were formed in LCDV-C TS expressing cells an
light microscopy. These cells lost contact inhibition and display multilayered growth a
(C) Foci were quantified from triplicate wells and the data are presented as mean nu
Student's t-test (P b 0.001).results in Fig. 5 showed that FHM cells with LCDV-C TS
expression gave rise to obvious foci 4–5weeks after inoculation,
as compared with the occasional much smaller foci observed in
cells transfected with empty vector over the same period of time.
The average number of foci was approximately 1270 in the TS-
expressed cell pool from three independent experiments and
is 140-fold higher than that in the control cells (Pb0.001)
(Fig. 5C). Microscopic examination of the TS-induced foci
revealed that those transfectants lost contact inhibition, resulting
in piling up and crisscross morphology characteristic of
transformed cells (Fig. 5B).
Loss of anchorage dependence as measured by growth in soft
agar is also an important characteristic of the transformed
phenotype. So we assessed the effect of LCDV-C TS expressiond visualized by staining with 0.4% crystal violet. (B) Magnification of foci under
nd crisscross morphology characteristic of transformed cells. Scale bars: 100 μm.
mbers of transformed foci±SE. Statistical analysis was performed by using the
Fig. 6. Anchorage-independent growth assay. (A) Growth of LCDV-C TS transformed cells in soft agar. Photograph of representative agar colonies from LCDV-C TS
expressing cells and vector control cells. Scale bars: 100 μm. (B) The colony forming efficiency of LCDV-C TS transformed cells in agar growth. The data are
calculated by counting colonies in agar from three independent experiments.
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The result showed that the FHM/pcDNA3.1-TS cells had
acquired an anchorage-independent phenotype and could grow
and form large numerous colonies in 0.3% agar (Fig. 6A) while
the control cells failed to produce any anchorage-independent
colonies and persisted as single cells over the same period of
time. The quantitative efficiency for transformation was ap-
proximately 0.846% in soft agar by counting colonies with a
diameter of N100 μm from triplicate plates (Fig. 6B). These data
from both foci and soft agar assays suggest that constitutive
expression of LCDV-C TS is sufficient to induce a transformed
phenotype in fish cells in vitro.
Discussion
LCDV-C, a new species belonging to the genus Lympho-
cystivirus, has the largest genome in vertebrate iridoviruses.
Comparative genome analysis showed that there were signifi-
cant differences between LCDV-C and LCDV-1 in gene content,
gene organization and gene order (Tidona and Darai, 1997;
Zhang et al., 2004). For example, some potential genes in
LCDV-C were not found in LCDV-1, such as thymidylate
synthase (TS). Moreover, TS was not also present in the genome
of other vertebrate iridoviruses, except that tiger frog virus
(TFV) and ambystoma tigrinum virus (ATV) have a short
homologue sequence lacking the folate-binding site (He et al.,2002; Jancovich et al., 2003, Zhao and Zhang, 2004; Williams
et al., 2005; Eaton et al., 2007). Thus, it would be tempting to
speculate that TS may be related to some specific roles during
LCDV-C infection of cells.
Subcellular location of TS has been characterized by different
techniques and cells and produced variable localization patterns,
such as the nucleus, the cytoplasm or themitochondria (Johnston
et al., 1991; Samsonoff et al., 1997; Gribaudo et al., 2000). In
this study, we revealed that LCDV-C TS had a predominantly
granular cytoplasmic appearance in fish cells by virtue of
transfecting with an expression vector carrying the LCDV-C TS
gene. In addition, to avoid the bias of fish cells, we also observed
the same localization of LCDV-C TS in mammalian cells, baby
hamster kidney cell (BHK) (data not shown). Previously,
Cinquina et al. (2000) reported that a viral TS from Kaposi's
sarcoma-associated herpesvirus (KSHV) was also exclusively a
cytoplasmic protein.
TS have been studied extensively as an important target for
cancer chemotherapeutic agents since it plays a critical role in cell
cycle regulation and cell proliferation (Ju et al., 1999; Kastanos
et al., 2001; Liu et al., 2002; Bertino and Banerjee, 2003). More
recently, studies have documented that ectopic overexpression of
human TS not only can induce a transformed phenotype in
mammalian cells in vitro, but also accelerate the development of
hyperplasia and tumors of the endocrine pancreas in vivo
(Rahman et al., 2004; Voeller et al., 2004; Chen et al., 2007).
124 Z. Zhao et al. / Virology 372 (2008) 118–126However, there were no reports concerning the biological
function of viral TS. In this study, our current interest was
focused on the transforming activity of LCDV-C TS in vitro, and
we cloned LCDV-C TS gene into an expression vector
pcDNA3.1, which is under the control of the strong eukaryotic
CMVpromoter and developed a fish cell lines where LCDV-CTS
can be constitutively expressed. The results demonstrated that
constitutive expression of LCDV-CTS results in an increase in the
percentage of S and G2/M phase in transfected FHM cells and
consequently promotes cell proliferation faster comparedwith the
control cells. Moreover, the constitutive expression led cells to
form foci in monolayer cultures and acquire an anchorage-
independent growth. Although there is no corresponding fish
model to test the ability of LCDV-C TS-transformants to form
tumors in vivo like nude mice model system, constitutive
expression of LCDV-C is sufficient to induce a transformed
phenotype in fish cells in vitro as manifested by foci assay and
soft agar assay. Therefore, this works provide evidence as well
support the role of TS in cellular transformation from other
species besides human. To our knowledge, this is also the first
report on viral TS sequence associated with transforming activity
in fish transfected cell system.
Materials and methods
Plasmid construction
Three pairs of primers, P1/P2 (P1, 5′-AAGCTTTAAAAA-
TGGCTAATGAA-3′, HindIII; P2, 5′-CTCGAGGGTTAAATA-
GATAAATCTA-3′, XhoI), P1/P3 (P3, 5′-GGATCCAATAGATAA
ATCTAACGAG-3′ BamHI) and P4/P2 (P4, 5′-AAGCTT-
GCCGCCACCATGGCTAATGAA-3′ HindIII), were used for
plasmid construction. The entire LCDV-CTS gene, amplified from
LCDV-C genomic DNA using the above paired primers, was
respectively subcloned into prokaryotic vector pET28a-c (+)
(Novagen) and eukaryotic vectors pEGFP-N3 (Clontech) and
pcDNA3.1 (+) (Invitrogen). These different constructs, named
pET28a-TS, pEGFP-N3-TS and pcDNA3.1-TS, were confirmed by
restriction enzyme digestion and DNA sequencing.
Prokaryotic expression, protein purification and antibody
preparation
The pET28a-TS plasmid was transformed into E. coli BL21
(DE3), and the bacteria were induced for 4 h by 1mM IPTG at
37 °C to express a fusion protein. The fusion protein present in
the inclusion body was purified under denatured conditions
using HisBind Purification Kit (Novagen) and used to generate
polyclonal rabbit anti-LCDV-C TS serum (Zhao et al., 2007).
The antiserum was validated by western blotting analysis and
the performance was done as described in the previous study
(Zhang et al., 2006).
Cell culture and transfection
Fathead minnow (FHM) and Chinook salmon embryo
(CHSE-214) cells were maintained at 25 °C in TC199 mediumsupplemented with 10% fetal bovine serum (FBS). For
subcellular location, FHM and CHSE-214 cells were grown
to 90% confluence prior to transfection and then transiently
transfected with pEGFP-N3-TS or empty vector pEGFP-N3
using the Lipofectamine 2000 (Invitrogen) according to the
manufacturer's instructions. For stable transfection, plasmid
pcDNA3.1-TS were transfected into FHM cells using the
abovementioned method. After transfection for 48 h, transfected
cells were split 1:3 and grown for 4 weeks in 400 μg/ml of G418
(Amresco) selection medium. The stable transfectants were
termed FHM/pcDNA3.1-TS and confirmed by western blotting
analysis using anti-LCDV-C TS serum. The control cells stably
transfected with pcDNA3.1 had been obtained in the previous
study and were termed FHM/pcDNA3.1 (Huang et al., 2007).
To prove the specificity of polyclonal anti-LCDV-C TS serum,
the antiserum was pre-adsorbed against its antigen (purified
fusion protein) for 1 h at room temperature and subsequently
used in western blotting under the same conditions.
Subcellular localization
Transiently transfected cells were grown on glass cover-
slips. After 48 h, cells with pEGFP-N3-TS were fixed with
70% ethanol at −20 °C for 2 h and then stained with 4 μg/ml
propidium iodide (PI) (Sigma) for 1 h, whereas cells with
pEGFP-N3 were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 15 min and then stained
with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min.
Green fluorescence displayed the distribution of the target
protein, and the cell nucleus was indicated by the red fluo-
rescence of PI or the blue fluorescence of DAPI. Fluorescence
signal was detected under a Leica DM IRB fluorescence
microscope.
Cell cycle analysis
For cell cycle analysis, FHM/pcDNA3.1-TS and control cells
were passaged into 6-well plates in triplicate at a density of
5×105 cells per well in TC199 containing 5% FBS. After
cultured for 24 h, 36 h or 48 h, cells were respectively collected
and fixed in 70% ethanol overnight at −20 °C. Cells were then
pelleted, washed and resuspended in PBS for 1 h containing
50 μg/ml PI and 100 μg/ml RNase A (Sigma). Flow cytometry
analysis was performed in Epics Altra flow cytometer (Beck-
man Coulter, USA) and the cell cycle analysis was done using
the cell quest program by manual setting regions for G0/G1, S
and G2/M phases. Data from 10,000 cells were collected for
each data file.
Cell proliferation assay
For generating growth curves, FHM/pcDNA3.1-TS and
control cells were seeded into 24-well plates at an initial
density of 3×104 cells per well in TC199 containing 5% FBS.
Cells were harvested daily, and the cell numbers were counted
in triplicate with a hemacytometer under light microscope until
day 8.
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Foci assays were performed by plating FHM/pcDNA3.1-TS
cells onto six-well dishes in TC199 containing 5% FBS. After
grown to confluence, several drops of fresh medium were added
to the cells every 3 days for 4–5 weeks until cellular foci were
observed under the light microscope. Foci were stained with
0.4% crystal violet in 30% methanol for 10 min and then were
washed several times with distilled water and photographed.
The number of cellular foci was counted from triplicate wells to
determine mean and standard error (SE).
Anchorage-independent growth was evaluated by colony
formation in semi-solid medium. FHM/pcDNA3.1-TS
and control cells were suspended at 1.2×105 cells per 60-mm
dishes in 3 ml of TC199 medium with 10% FBS and 0.3%
melted soft agar onto a 3 ml bottom layer of 0.6% agar medium.
The cells were fed every 3 days with several drops of medium,
and the cell morphologywas photographed after 3–4weeks. The
colony forming efficiency was calculated by counting colonies
in soft agar from three independent experiments.
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